To investigate the genetic diversity of six Chinese indigenous pig breeds in Shandong province (Laiwu Black, Dapulian Black, Licha Black, Yantai Black, Yimeng Black and Wulian Black), explain their genetic relationship and assess their integrity and degree of admixture with three Western commercial breeds (Landrace, Yorkshire and Duroc), 303 individuals from these breeds were genotyped for 26 microsatellite markers. In general, high genetic diversity (observed heterozygosity ranging from 0.5495 to 0.7746) and large breed differentiation (F ST = 0.188) were observed. The indigenous pig breeds in Shandong exhibited consistently higher levels of genetic diversity than the three Western breeds. However, compared with the Western breeds, which have an F ST value of 0.252, the indigenous breeds in Shandong have smaller F ST value of 0.145. The analysis of breed relationship indicated that the six indigenous breeds are classified into two groups. One includes four breeds, Licha, Yantai, Yimeng and Wulian, which have experienced large gene introgression of the Western breeds through progressive crossbreeding as well as gene flow among themselves. The other includes Laiwu and Dapulian, which are less influenced by the Western breeds and other indigenous breeds in Shandong in the recent past. The results show that some measures must be taken to effectively protect these indigenous pig breeds in Shandong.
INTRODUCTION
China is one of the countries possessing the most abundant genetic resources of pig breeds in the world. One hundred and twenty-eight Chinese indigenous pig breeds are documented in the Domestic Animal Diversity Information System (DAD-IS) of the Food and Agriculture Organization (FAO) (http://dad.fao.org/), which constitutes almost one-third of all pig breeds in the world. Shandong province, with an area of more than 150,000 km 2 and a diverse terrain, is one of the major districts of pig production in China. Historically, many indigenous pig breeds were developed in Shandong and all the presently existing breeds include Laiwu Black, Dapulian Black, Licha Black, Yantai Black, Yimeng Black and Wulian Black (Si et al., 1999) . All of these breeds have their special characteristics, such as high prolificacy, good meat quality and strong disease-resistance, but their growth and carcass performances are much lower than that of the commercial breeds from Europe and North America. Among these breeds, Laiwu, Dapulian, Licha, and Yimeng are documented in DAD-IS. The other two, Wulian and Yantai, although not in DAD-IS, have their long histories and unique characteristics, too.
Yorkshire was firstly introduced into Shandong and raised in the area of Qingdao during the period of Guangxu of Qing Dynasty (Zhang, 1986) . From then on, a small scale of crossbreeding between indigenous breeds and Western breeds had been proceeding. From the eighties of the 20 th century, however, larger scale of importation of Western commercial pig breeds into Shandong has been proceeding for commercial interest. As the result, the indigenous pig breeds in Shandong, as well as many other indigenous breeds in China have been in direct competition with the highly selected Western breeds, and the population sizes of many of them decrease dramatically and are in danger of being replaced, or hybridized with Western commercial breeds (Fang et al., 2005) . In recent years, increased awareness of the value and importance of local genetic resource, as well as the consumer demands for high-quality meat products, have turned attention back to the traditional breeds and efforts have been made toward recovering those nearly extinct genetic resources. Although in Shandong six indigenous pig breeds are still existing now (Si et al., 1999) , most of them have been crossed with the Western commercial breeds. However, the pattern and extent of the admixture remains unclear.
So far, the genetic diversity of some Chinese indigenous pig breeds has been evaluated by microsatellite markers (Fan et al., 2002; Yang et al., 2003b; Zhang et al., 2003; Li et al., 2004; Fang et al., 2005; Megens et al., 2008; Chang et al., 2009 ) and mitochondrial DNA (mtDNA) sequence (Yang et al., 2003a; Fang and Andersson, 2006; Wu et al., 2007; Wang et al., 2009 and 2010) . However, the vast genetic resources in China are still poorly characterized except for a few very famous breeds. Of the six pig breeds in Shandong, only Laiwu (Zhang et al., 2003) , Yimeng (Zhang et al., 2003; Fang et al., 2005) and Licha (Megens et al., 2008) were included in the previous studies using microsatellite markers. Therefore, a comprehensive assessment of their genetic diversity and relationship with the Western breeds represents a major step toward the development of conservation and improvement programs.
In the present study, we used 26 microsatellite markers, recommended by the Food and Agriculture Organization (FAO) of the United Nations and the International Society of Animal Genetics (ISAG), to elucidate the degree and pattern of genetic variability in the six indigenous pig breeds in Shandong, explain their genetic relationship, and assess their integrity and degree of admixture with the Western commercial breeds, Landrace, Yorkshire and Duroc, mainly used in Shandong.
MATERIAL AND METHODS

Sample collection and DNA extraction
A total of 303 individuals representing the nine pig breeds were used in this study (Table 2) . Ear samples for the indigenous breeds were collected from their conservation farms (detailed information of the geographic regions of sampling is shown in Figure 1 ). Under the pressure of market competition and financial constraint, the sizes of above conservation populations were rather small, resulting in a relative small proportion of male individuals for these breeds. Individuals sampled of the five breeds, laiwu, Dapulian, Licha, Yantai and Yimeng were unrelated (without common grandparents). The breed, Wulian, does not have pedigree records, so the samples were randomly collected. Ear samples for the three Western commercial breeds were collected from the Research Center of Pig Breeding and Reproduction in Shandong province. All individuals within these breeds were unrelated based in the pedigree information. Total genomic DNA was extracted from ear tissues by the standard phenol-chloroform method (Sambrook and Russell, 2001 ).
Microsatellite genotyping
A panel of 26 microsatellite markers, randomly located on 16 chromosomes, as recommended by FAO-ISAG (http://www.toulouse.inra.fr/lgc/pig/panel/panel2004.htm), was selected for genotyping. One of each paired primer was 5' -end labeled with fluorescence dye (FAM or HEX). Microsatellite markers were amplified by PCRs in 10-μl final volumes with 0.5 μl of 40 ng/μl DNA, 1 μl of 10× buffer, 0.8 μl of 10 mmol/L dNTP, 0.5 μl of each primers (12.5 μmol/L forward and reverse primers), and 0.5U of Taq Hs DNA polymerase (TaKaRa, Japan). The thermal cycling conditions in PTC-2000 DNA Engine (Bio-Rad, USA) included an initial denaturation for 4 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at annealing temperature (ranging from 50°C to 60°C), 30 s at 72°C, and a final extension step of 72°C for 20 min. For genotyping of samples, PCR products of up to 3 or 4 markers were combined and analyzed using an ABI 377 DNA sequencer (Applied Biosystems, USA). The fluorescent-labeled marker HD-400 (Applied Biosystems) was used as an internal size standard for length calibration. Fragment length of the PCR products was determined using GeneScan software (Version 3.0, Applied Biosystems).
Data analyses
Total number of alleles (TNA) per locus, the mean number of allele (MNA) per locus, observed heterozygosity (H O ), and expected heterozygosity (H E ) under the HardyWeinberg assumption for each locus were computed using the Excel Microsatellite Toolkit 3.1 software (Park, 2001) . To compare the number of alleles between different sample sizes, allelic richness (A R ) which measures the number of allele independent of sample sizes, was calculated using the program FSTAT v.2.9.3 software package (Goudet, 2001 ). Wright's F-statistics (F ST , F IS and F IT ) for each marker were also calculated using the program FSTAT as well by Weir and Cockerman's method (1984) . The probability test approach described by Guo and Tomson (1992) and implemented in the GENEPOP 4.0 software (Rousset, 2008) was employed to test for Hardy-Weinberg equilibrium. The length of the Markov chain was set to 10000 iterations per batch for 1,000 batches and the dememorization number was 10,000. The genetic diversity between the populations based on allele frequencies was calculated according to Nei's standard genetic distance (Nei, 1972) using the DISPAN program (Ota, 1993) . Phylogenetic trees were constructed using the neighbourjoining (NJ) clustering (Saitou and Nei, 1987) and the unweighted pair group method with the arithmetic mean (UPGMA; Sneath and Sokal, 1973 ) from Nei's standard genetic distance using DISPAN too. Bootstrap (Felsenstein, 1985) re-sampling (n = 1,000) was performed to test the robustness of the tree topologies. Based on the genotypes at the 26 microsatellite markers, individual animals were clustered into a given number of populations and assigned probabilistically to clusters inferred with a Bayesian approach implemented by the STRUCTURE software (Pritchard et al., 2000) . The tests were done based on an admixture model where the allelic frequencies were correlated applying burn-in period of 10,000 and 100,000 iterations for data collection. Two to twelve inferred clusters were performed with three independent runs each.
RESULTS
Microsatellite markers
A total of 269 alleles (Table 1) were observed at the 26 markers distributed on 16 chromosomes. TNA per locus was 10.35, ranging from 7 (S0090, S0143, Sw72) to 18 (Sw1067). The observed amplitude of more than half markers in allele sizes exceeded the expected range, indicating that some new alleles were present in the populations analyzed. The H O ranged from 0.5505 to 0.8075, with a mean value of 0.6868, which was larger than H E (mean value 0.6565). Overall, private alleles (i.e., found exclusively in one breed) were detected in 19 markers and in all breeds except Laiwu. Wulian had the largest number of private alleles which distributed in nearly half of the markers analyzed, while Dapulian had the second largest, which distributed in nearly one-third markers. Significant deviations (p<0.05) from Hardy-Weinberg equilibrium were observed for all 26 markers. On average across markers, about 28 percent of the markers did not comply with the Hardy-Weinberg equilibrium (p<0.05) in the nine breeds studied.
Intrapopulation genetic variation
The within-breed analyses (Table 2) showed that all of the six indigenous pig breeds had larger genetic diversity than the three Western commercial breeds in all measures of genetic diversity (MNA, A R , H O and H E ). Among the six indigenous breeds in Shandong, Wulian had the largest level of genetic diversity (H O = 0.7746), while Laiwu had the smallest level genetic diversity (H O = 0.6681). Among the three Western commercial breeds, Duroc had the smallest genetic diversity with H O of 0.5495, while Yorkshire had the largest one, with the H O of 0.6311.
Interpopulation genetic variation
The breed differentiation measured by Wright's F-statistics (F IT , F IS , and F ST ) is shown in Table 1 and 2. The divergence between expected and observed heterozygosity measured by the F IT statistic, had a global mean of 0.147 for all markers, and ranged between 0.045 and 0.248. The within-breed excess in heterozygosity measured by the F IS statistic had a global mean of -0.051, and ranged between -0.168 to 0.039. The genetic differentiation among breeds measured by the F ST statistic had a global mean of 0.188, and ranged between 0.127 and 0.283, indicating that 81.2% of the genetic variability was caused by the differences among individuals within breeds and 18.8% was due to the differentiation among breeds. Compared between the two groups, the one of indigenous breeds had a rather smaller F ST of 0.145 than that (0.252) of the one of Western commercial breeds.
Interpopulation relationship
Different genetic distance measures were estimated but all showed a very high correlation so that only Nei's standard genetic distances were reported here (Table 3 ). The genetic distances between the three Western breeds ranged from 0.4905 to 0.6662. They had larger genetic distances with Laiwu and Dapulian, ranging from 0.7581 to 1.2122, than with the other four breeds, Licha, Yantai, Yimeng and To supplement F ST analyses, genetic structure analysis using a Bayesian approach by STRUCTURE software Progressively, as K increased, the contributions of the assumed populations resulted in the complete separation of the nine breeds, which were essentially identified with each one of the ancestral populations. When the number of clusters assumed was the same as the number of breeds, the proportional contribution of the assumed ancestral populations to each one of the current breeds was computed, and the corresponding results were summarized in Table 4 . Each one of the breeds was very closely identified with one of the "ancestral" populations, from which it received a contribution to its gene pool of at least 0.875 (Dapulian). Although only Laiwu had unnegligible contribution (larger than 0.05) to Dapulian, there were large differences of ancestral contribution among individuals within breed in the indigenous pig breeds in Shandong, as shown by the diagram (Figure 3 ). 
DISCUSSION
In our study, the set of microsatellite markers recommended by FAO-ISAG was used for analyzing the genetic diversity of six Chinese indigenous pig breeds in Shandong province and the relationship among them and the three Western commercial breeds. The indigenous pig breeds in Shandong exhibit consistently higher genetic diversity, with H O ranging from 0.6681 to 0.7746, than the three Western commercial pig breeds, with the H O ranging from 0.5495 to 0.6311. There results are in general congruent with the previous studies (e.g., Zhang et al., 2003; Fang et al., 2005; Megens et al., 2008) that Chinese indigenous pig breeds have larger genetic diversity than Western commercial breeds. Moreover, compared with other Chinese indigenous breeds, indigenous breeds in Shandong belong to those which exhibit high leveler of genetic variation among the Chinese indigenous breeds (e.g., Zhang et al., 2003; Fang et al., 2005; Megens et al., 2008) .
Just like other indigenous pig breeds in China, the indigenous pig breeds in Shandong mainly have been raised in the extensive production system. Unlike the Western commercial pig breeds, they have not gone through the high selection pressure. It is the main reason for their high genetic diversity. Of the six indigenous breeds in Shandong, Wulian has the highest genetic diversity (H O = 0.7746) while Laiwu has the lowest (H O = 0.6681). Their genetic diversity levels are consistent with their conservation states, or the introgression of Western commercial pig breeds into the indigenous breeds, as shown in Figure 2 and 3.
For all loci combined, on average, about 28 percent of the breed-loci combinations did not comply with HardyWeinberg equilibrium (p<0.05), mostly because of a larger H O than H E in 21 loci. Several factors, such as non-random mating, Walhund effect, sampling error and the less proportion of male individuals, may cause the deviation from Hardy-Weinberg equilibrium and higher H O than H E in this study.
In both NJ and UPGMA phylogenetic trees (Figure 2 ), the six indigenous pig breeds in Shandong and the three Western commercial breeds are not clearly divided into different clusters. Clustering assignment (Figure 3 ) also suggests that a complex admixture between the indigenous breeds in Shandong and the Western breeds. These indicate that the indigenous breeds in Shandong, especially Licha, Yantai, Yimeng and Wulian, have experienced large gene introgression of Western breeds through progressive crossbreeding with these breeds. Three of the six breeds, Yimeng, Licha and Laiwu, had been used in other studies (Zhang et al., 2003; Fang et al., 2005; Megens et al., 2008) . In these studies, all the indigenous breeds of Shandong have closer relationship with Western commercial breeds than other Chinese indigenous breeds and are placed in the peripheral of the cluster of the Chinese indigenous breeds.
Compared with the three Western commercial breeds, which have an F ST of 0.252, the six indigenous breeds in Shandong have a rather smaller F ST of 0.145. According to their different genetic pattern revealed by phylogenetic trees (Figure 2 ) and Clustering assignment (Figure 3) , the six breeds can be classified into two groups. One includes four breeds, Licha, Yantai, Yimeng and Wulian, more influenced by Western commercial breeds. The four indigenous breeds mainly distribute in the East of Shandong, where the Western breeds were imported firstly and economy is relatively developed. According to the record (Si et al., 1999) (Table 4) , there are several individuals of each breed, for which the ancestral contributions of Western breeds are much higher than the average (data not shown), suggesting in the current conservation farm, the crossbreeding with Western commercial breeds may be still going on in small scale. Secondly, there is frequent gene flow among them. There are also some individuals of each breed, for which the ancestral contributions of other breeds are much higher than the average (data not shown), indicating the gene flow happened in the recent generations and is not yet stabilized. As we know that in some conservation farms of them, phenotypically alike indigenous pigs of other breeds are sometimes introduced to reduce the inbreeding of their population.
Laiwu and Dapulian were grouped in a separate cluster in both NJ and UPGMA phylogenetic trees (Figure 2 ) with a close genetic distance of 0.4190. They have large genetic distances with the Western breeds (ranging from 0.7582 to 1.2122) as well as the other four indigenous breeds in Shandong (ranging from 0.4820 to 0.8895). From the clustering assignment (Figure 3 ) using STRUCTURE with K = 4, they were discriminated from Western commercial breeds and the other four indigenous breeds in Shandong. These results suggest that that these two breeds are less influenced by Western pig breeds except for some ancestral contribution of Yorkshire into them, and gene flow between them and the other indigenous breeds in Shandong is also rather weak. In our previous study using the control region of mtDNA 2010) , these two breeds are also grouped into relatively respective sub-clusters in the NJ phylogenetic tree, suggesting there is less gene admixture between them and the other breeds in maternal lineage.
Dapulian, meaning a kind of flower in its Chinese name, has flowerlike wrinkles on the forehead. In addition, it has higher figure and larger body weight than Laiwu. Although the large difference in appearance exists between them, they have rather small genetic distance (0.4190). One reason for their close relationship is the admixture of Laiwu in Dapulian, as showed in Clustering assignment (Figure 3) . The main distribution areas of Laiwu and Dapulian are contiguous. With the increment of communication and the reduction of number of Dapulian pigs, it is very possible that it is influenced by Laiwu, whose conservation farm was built much earlier. Additionally, the other reason is that it is common that Chinese indigenous pig breeds have close genetic distance though their great appearance difference, as reported by other studies (Fan et al., 2002; Yang et al., 2003a; Li et al., 2004; Fang et al., 2005) , too.
So far, all of the six indigenous pig breeds in Shandong have their own conservation farms, built according to their geographic distribution and appearance. However, with limited financial support, the population sizes are very small in most conservation farms, with some verging on extinction. To reduce the conservation cost and increase effective population size, it is advisable to cross pig breeds of the same sub-cluster based on their phylogenetic relationship (Fang et al., 2005; Megens et al., 2008) . The four breeds of the first group of the indigenous breeds in Shandong, Licha, Yantai, Yimeng and Wulian, have close genetic distances with each other, and their characteristics in appearance and performance are also rather similar. Therefore, their conservation farms can be reorganized into one or two according to the practical considerations. As for Laiwu and Dapulian, due to their uniqueness, they should be protected well in order to maintain their future utilization. Our results also reveal noticeable ancestral contribution of Yorkshire exists in them and some Dapulian is obviously influenced by Laiwu. It is necessary to purify them by culling the individuals having other ancestral contribution through testing the replacement pigs using microsatellite markers.
